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INTRODUCTION
Repetitive cycles of higher doses of cytarabine 0.5-3 g/m 2 administered over 3 to 6 days have been widely used for conventional intensive consolidation therapy of acute myeloid leukemia with remaining open questions, for example, most effective schedule, dosage and number of cycles. [1] [2] [3] The landmark study conducted by the Cancer and Leukemia Group B (CALGB) established the current standard for patients aged 60 years and younger. 4 In this prospective upfront randomized study, four cycles of high-dose cytarabine (HDAC) (3 g/m 2 , two times a day, days 1, 3 and 5) were superior to intermediate-(400 mg/m 2 cont. days [1] [2] [3] [4] [5] or standard-dose cytarabine (100 mg/m 2 cont. days 1-5) with respect to relapse-free survival (RFS) and overall survival (OS). 4 Several alternative intensive combination chemotherapy regimens have been evaluated in randomized trials in the past years, but still single agent HDAC (3 g/m 2 , b.i.d., days 1, 3 and 5) remains the standard in younger adults with low-and intermediate-risk acute myeloid leukemia (AML), whereas combination postremission therapy may be considered in high-risk patients. 5, 6 Chemotherapy-induced neutropenia represents a major risk factor for infection-related morbidity and mortality during AML treatment with an incidence of neutropenic fever after a consolidation therapy reported of 50 to 90%. [7] [8] [9] [10] [11] The metaanalysis performed by Smith et al. 10 revealed that the use of prophylactic granulocyte colony-stimulating factor (G-CSF) after induction and consolidation chemotherapy for patients in complete remission (CR) decreases the incidence of infections and diminishes the likelihood of hospitalizations during intensive consolidation therapy. Similar results were obtained in a metaanalysis published in 2007 by Sung et al., 12 in which 148 randomized clinical trials were evaluated including patients with solid and hematologic malignancies treated with chemotherapy or hematopoietic cell transplantation (HCT). In the subgroup analysis focused on AML, the risk of microbiologically documented infections (hazard ratio (HR): 0.86; confidence interval (CI): 0.77-0.96) and febrile neutropenia (HR: 0.71; CI: 0.63-0.80) were found to be lower in the group randomized to G-CSF. 12 However, the infection-related mortality was not significantly different with and without G-CSF (P = 0.44). Different results came from a systematic review published by Gurion et al., 13 in which 19 randomized clinical trials were examined. They found no survival benefit and no decrease in infection rates in the group of patients treated with G-CSF after chemotherapy. In consequence, the last actualization of the AML-NCCN guidelines recommended the use of G-CSF in AML only within clinical trials. 8 Pegfilgrastim is the pegylated formulation of G-CSF that allows one-time administration compared with daily administration with filgrastim. In a randomized phase-2 trial Sierra et al.
14 found no clinically meaningful difference between a single dose of pegfilgrastim and daily dosing of filgrastim in terms of duration of severe neutropenia after induction and consolidation therapy.
The main objectives of our study were to analyze the effect of a condensed regimen of HDAC, 3 g/m 2 administered every 12 h on days 1, 2 and 3 (HDAC-123), compared with the commonly used regimen of HDAC, 3 g/m 2 every 12 h on days 1, 3 and 5 (HDAC-135), as well as to evaluate the effect of pegfilgrastim in the consolidation therapy of younger adult patients with AML with regard to hematologic reconstitution, infectious complications, supportive care and days in hospital.
PATIENTS AND METHODS Patients
Patients aged between 18 and 60 years with newly diagnosed AML including de novo AML, secondary AML (sAML) with a preceding history of myelodysplastic or myeloproliferative disorder, and therapy-related AML (tAML) following treatment of a primary malignancy, as defined by the World Health Organization 2001 classification 15 were eligible for the trials. Patients with acute promyelocytic leukemia as well as patients with concomitant renal (creatinine41.5xupper normal serum level), liver (bilirubin, aspartate aminotransferase or alkaline phosphatase42 x upper normal serum level) or cardiac dysfunction (New York Heart Association III/ IV), uncontrolled infectious disease, primary coagulation disturbance, performance status (Eastern Cooperative Oncology Group) 42 or active concomitant malignant disease were excluded.
Study design
Between 2004 and 2009 patients were upfront randomized 1:10 between the standard German Intergroup-arm 16 and the AMLSG 07-04 study.
17
Patients randomized into the AMLSG 07-04 protocol were again randomized between 2004 and 2006 in a 2 × 2 factorial design to receive intensive induction chemotherapy with or without all-trans retinoic acid (ATRA) and with or without valproic acid (VPA). 17 In 2006 the AMLSG 07-04 study was amended and randomization for VPA was terminated based on excessive hematologic toxicity of VPA in combination with chemotherapy similarly noted in older patients. 18 Cyto-and molecular genetics Chromosome banding analysis was performed centrally in the AMLSG Laboratory for Cytogenetic and Molecular Diagnosis. Karyotypes were designated according to the International System for Human Cytogenetic Nomenclature. 20 Leukemia samples were analyzed for mutations in FLT3 (FLT3 internal tandem duplication, FLT3 tyrosine kinase domain mutations at codons D835/I836) CEBPA and NPM1 as described previously. 21 Clinical end points Hematologic recovery was determined in each patient in every cycle of consolidation therapy. Hematologic recovery was defined as absolute white blood cell (WBC) count ⩾ 1.0 × 10 9 /l, absolute neutrophil count of ⩾ 0.5 × 10 9 /l and a platelet count ⩾ 20 × 10 9 /l. Time to WBC, neutrophil and platelet recovery was defined as the duration of days from the first day of chemotherapy of each cycle until the first day of achievement of the above defined cutoff hematologic recovery definitions. Platelet recovery times were not documented in the German AML Intergroup-arm. 16 The data on the number of units of packed red blood cells and platelets were collected in each therapy cycle. One human leukocyte antigen class-I-compatible single donor platelet unit was considered equal to four platelet units from random donors. Infection was defined as microbiologically documented infection and/or febrile neutropenia. The duration of hospitalization was defined as the time from first day of therapy until discharge. Secondary outcomes were overall survival (OS), RFS and cumulative incidence of relapse and death. These were defined as recommended. 
Statistical analysis
Type of cytarabine regimen (HDAC-123 versus HDAC-135) according to upfront randomization (German AML Intergroup) and cohort assignment (AMLSG 07-04 study; cohorts 1 and 2) as well as administration of pegfilgrastim within the 07-04 study (yes or no) were analyzed.
Comparisons between patient subgroups were performed by the MannWhitney or Kruskal-Wallis test for continuous variables and by Fisher's exact test for categorical variables. Differences between cumulative incidences of hematological recovery times (WBC, neutrophils) were calculated using the method described by Gray. 22 Survival curves were compared using the log-rank test. Multivariable analysis for the endpoint WBC recovery was performed using an extended Cox regression model by application of the method of Wei, Lin and Weissfeld method with respect to repeated WBC recovery within all applied consolidation cycles. 23 Similarly, a conditional logistic regression model was used to analyze infectious complications during consolidation therapy with stratification for the cycles in patients receiving three consolidation cycles. 24 All statistical analyses were performed with the statistical software environment R, version 3.0.1, using the R packages rms, version 3.3-1, and cmprsk, version 2.2-2. 25 
RESULTS

Patients and baseline characteristics
According to upfront randomization into the German AML Intergroup protocol, 41 patients were assigned to at least one standard consolidation therapy with HDAC-135 and 527 patients received at least one consolidation therapy within the AMLSG 07-04 protocol ( ). There were no significant differences in patient characteristics at diagnosis between the three groups ( Table 1) .
Influence of HDAC schedules on time to WBC and neutrophil recovery Within the AMLSG 07-04 protocol initial upfront randomization into four treatment arms (standard, ATRA, VPA, VPA-ATRA) was stopped for VPA in July 2006 due to excessive hematotoxicity. 18 In an as-treated analysis we found no influence of VPA or ATRA in the hematologic recovery end points of cohort 1 treated with HDAC-135 (neutrophils, P = 0.78; WBC, P = 0.49; platelets, P = 0.67) and of ATRA in cohort 2 treated with HDAC-123 (neutrophils, P = 0.65; WBC, P = 0.40, platelets, P = 0.30). Therefore, patients were grouped for further analysis into cohorts 1 and 2 for as described above.
Consistently for all three consolidation cycles, shorter median recovery times were identified for WBC in HDAC-123 by an average 4 days compared with HDAC-135 and the German AML Intergroup (P = 0.0008, P = 0.0003, P = 0.001, respectively; Table 2 ). Time to neutrophil recovery was also shorter in all three consolidation cycles in HDAC-123 compared with HDAC-135 and the German AML Intergroup by~4 days, with a significant difference in the first and second consolidation cycle (Table 2) . Exemplarily, WBC and neutrophil recovery is illustrated after the first consolidation cycle according to the assigned treatment group in Figure 2 . In a subgroup analysis, we compared the upfront randomized patients between the German AML Intergroup and the AMLSG 07-04 study both assigned to receive HDAC-135 with the intended prophylactic use of pegfilgrastim at day 10 in the AMLSG 07-04 study compared with no prophylactic growth factor support in the German AML Intergroup study. This analysis revealed a reduction of WBCs and neutrophil median recovery times by one to two days in all three consolidation cycles without reaching statistical significance (Table 2) . Three hundred and eighty-one patients received all three consolidation cycles; median time intervals between cycles 1 and 2, as well as cycles 2 and 3 were 40 days (range, 28-140 days) and 41 days (range, 26-129 days). Interestingly, we observed no cumulative hematologic toxicity with increasing number of applied consolidation cycles, when the median time to hematologic recovery was compared in patients receiving all three cycles in terms of WBC and neutrophil recovery for HDAC-135 (P = 0.26, P = 0.90, respectively; n = 97), HDAC-123 (P = 0.17, P = 0.61, respectively; n = 258) and the German AML Intergroup-arm (P = 0.78, P = 0.74, respectively; n = 26).
Influence of pegfilgrastim on time to WBC, neutrophil and platelet recovery Within the AMLSG 07-04 study pegfilgrastim 6 mg subcutaneously was intended to be applied at day 10 in the HDAC-135 and at day 8 in the HDAC-123 schedule. In an as-treated analysis, patients receiving pegfilgrastim were compared with those not receiving pegfilgrastim ( Table 3 ). The as-treated multivariable analysis including all consolidation cycles administered within the 07-04 study stratified by consolidation cycle showed an overall reduction of duration of leukopenia by 3 days in patients treated with pegfilgrastim in both chemotherapy schedules (Po 0.0001, each). We also found a reduction in the duration of neutropenia by 5 and 3 days for HDAC-135 and HDAC-123 (P = 0.03 and P = 0.003, respectively) in patients treated with pegfilgrastim without impact on duration of thrombocytopenia (P = 0.77 and P = 0.70, respectively).
Multivariable Wei-Lin-Weissfeld model on WBC recovery Multivariable analysis based on the Wei-Lin-Weissfeld model for recurring events integrating all applied consolidation cycles including all patients receiving three consolidation cycles within the AMLSG 07-04 study stratified by consolidation cycle revealed that HDAC-123 (HR, 1.94; P o0.0001) and treatment with pegfilgrastim (HR, 1.58; P o 0.0001) were significantly associated with shorter WBC recovery, whereas older age was associated with longer WBC recovery (HR of a 10-year age difference, 0.89; P = 0.001). Factors without significant impact were gender, risk group according to 2010-European LeukemiaNet recommendations and type of AML (de novo versus secondary/treatment related AML) ( Condensed schedule consolidation in AML S Jaramillo et al 37.3%, 40.0% and 41.3% in the three consecutive consolidation cycles, respectively. Overall, the infectious complication rates were highest in the Intergroup-arm after HDAC-135 without prophylactic growth factor support ranging from 74% to 83% and lowest in the HDAC-123 schedule of the AMLSG 07-04 protocol with administration of prophylactic pegfilgrastim ranging from 30 to 36% (Table 5) . We found that 59% of patients, who had an infection during the first consolidation cycle, developed an infection in the second consolidation. In contrast, in patients who did not experience an infection in the first consolidation cycle, only 28% had an infection in the second consolidation (odds ratio (OR), 3.80; 95% CI: 2.40-6.06; P o0.0001). Nearly the same was true if infections in consolidation cycles 2 and 3 were analyzed (OR, 4.48; 95% CI: 2.83-7.18; P o0.0001). A conditional logistic regression model based on all consolidation cycles and stratified for them revealed that HDAC-123 (OR, 0.58; P o 0.0001) and the administration of pegfilgrastim (OR, 0.68; P = 0.002) were associated with a reduction in infection rates, whereas patients with a secondary AML had a higher risk of infections (OR, 1.62; P = 0.05). Age, gender and 2010-European LeukemiaNet risk category had no significant impact ( Table 6 ). The lower rate of infections and shorter hematologic recovery times probably led to (Table 5) . This was mainly due to a substantial proportion of patients being discharged within 10 days of 28%, 39% and 40% after consolidation cycles 1, 2 and 3, respectively. About one-third of these early discharged patients were readmitted because of infections necessitating intravenous antibiotic treatment. None of the early discharged patients died owing to infections during this phase. The need of platelet transfusions was markedly reduced in the HDAC-123 schedule from median 8 units in the HDAC-135 schedule to median 4 units in the HDAC-123 schedule (P o 0.0001, Table 5 ). As expected, the platelet transfusion needs were not affected by the administration of pegfilgrastim (Table 5) .
Survival analyses
For survival analyses only patients treated in the AMLSG 07-04 study were included. There was no difference (P = 0.90) between HDAC-135 (n = 135) and HDAC-123 (n = 392) in terms of OS. The same was true for RFS (P = 0.48) and RFS censored at the date of transplant for patients receiving an allogeneic HCT in first CR Table 2 . Median WBC and neutrophil recovery times according to intention-to-treat arm allocation Condensed schedule consolidation in AML S Jaramillo et al (P = 0.78). In addition, there was no difference in cumulative incidence of relapse and cumulative incidence of death again censoring of patients receiving an allo-HCT in first CR at the date of transplant between the two HDAC schedules (P = 0.75 and P = 0.10, respectively). In the subgroup receiving all three consolidation cycles, again no difference between the two schedules was evident.
DISCUSSION
In our prospective study we compared two different schedules of HDAC; the commonly used regimen with cytarabine administered on days 1, 3 and 5 as well as a condensed regimen with cytarabine administered on days 1 to 3. We were able to show a significantly and clinically meaningful reduction by 4 days of time to WBC and neutrophil recovery with the HDAC-123 compared with the HDAC-135 regimen. In addition, this significant reduction in WBC and neutrophil recovery with HDAC-123 was associated with a significantly lower rate of infections, fewer platelet transfusions and fewer days in hospital. In an upfront randomized comparison, we were not able to show a difference between the German AML Intergroup protocol with HDAC-135 without use of pegfilgrastim compared with HDAC-135 within the AMLSG 07-04 protocol with the intended use of pegfilgrastim in terms of WBC and neutrophil recovery, which may be related to the limited protocol adherence with only 68% of the patients receiving the intended pegfilgrastim. In contrast, a per-protocol analysis of the whole cohort revealed that pegfilgrastim was effective in reducing the time to WBC and neutrophil recovery by 3 days in the HDAC-135 and by 2 days in the HDAC-123 schedule, which is in accordance with previous randomized studies demonstrating a significant reduction in the duration of severe neutropenia. [11] [12] [13] These observations were supported by multivariable analysis in which HDAC-123 as well as the administration of pegfilgrastim were significantly associated with shorter WBC recovery times. This finding was paralleled by the results of the univariable and multivariable analysis with the endpoint infections including fever in neutropenia and infections with clinical focus. Consistently, we observed that both HDAC-123 and the administration of pegfilgrastim were associated with a significant reduction in the rate of infectious complications. These results are concordant with the findings of a systematic meta-analysis 12 showing that the use of G-CSF during consolidation therapy leads to a reduction in the duration of neutropenia and decreases the rate of infections as well as febrile neutropenia.
Our study also shows that there was no cumulative hematologic toxicity with the repetitive use of HDAC-123 and HDAC-135, with similar median WBC and neutrophil recovery times following the three cycles of consolidation therapy. This argues against a hematopoietic stem cell damage induced by repetitive cycles of HDAC. 26 However, our multivariable analyses revealed that WBC recovery times tended to be longer with increasing age. This correlation may reflect hematopoietic stem cell aging described in Condensed schedule consolidation in AML S Jaramillo et al in vivo and in vitro studies, where older stem cells have been found to be less effective in contributing to hematopoiesis. 27 Importantly, no difference in any survival endpoint analyzed was found between HDAC-123 and HDAC-135 in the AMLSG 07-04 study, providing evidence for at least equivalent efficacy of both schedules. One important limitation of our study is the sequential cohort design rather than an upfront randomized study. Therefore, our results have to be interpreted with caution. However, the overall favorable results of the AMLSG 07-04 study with an OS after 4 years of 54% (95% CI: 50-58) also would argue against inferiority of the HDAC-123 schedule. 17 Thus, our results favor the use of the condensed HDAC-123 schedule combined with prophylactic pegfilgrastim at day 8 in the consolidation therapy of younger adult patients with AML.
In conclusion, data from our study suggest that a condensed schedule of HDAC on days 1, 2 and 3 for consolidation therapy in younger adult patients with AML appears to be the preferred treatment schedule, resulting in faster hematologic recovery, lower infection rate as well as fewer platelet transfusions and days in hospital without affecting the RFS and OS rates. The administration of pegfilgrastim may further reduce rate of infections and duration of hospitalization. Condensed schedule consolidation in AML S Jaramillo et al
